Lawsonia intracellularis causes porcine proliferative enteropathy. This is an enteric disease 12 characterized by thickening of the wall of the ileum that leads to decreased growth and diarrhea 13 of animals. In this study, we investigated the host response to L. intracellularis infection by 14 performing transcriptomic and pathway analysis of intestinal tissue in groups of infected and 15 non-infected animals at 14, 21 and 28 days post challenge. At the peak of infection, when 16 animals developed most severe lesions, infected animals expressed higher levels of several genes 17 involved in cellular proliferation and inflammation including matrix metalloproteinase-7 18 (MMP7), transglutaminase-2 (TGM2) and Oncostatin M (OSM). Histomorphology also revealed 19 general features of intestinal inflammation. This study identified important pathways associated 20 with the host response in developing and resolving lesions due to L. intracellularis infection. 21 Importance 22 Lawsonia intracellularis is among the most important enteric pathogens of swine and it 23 can also infect other mammalian species. Much is still unknown regarding its pathogenesis and 24 the host response, especially at the site of infection. In this study we uncovered several novel 25 genes and pathways associated with infection. These differentially expressed genes, in addition 26 to histological changes in infected tissue, revealed striking similarities between L. intracellularis 27 infection and cellular proliferation mechanisms described in some cancers and inflammatory 28 diseases of the gastrointestinal tract. This research sheds important light into the pathogenesis of 29 L. intracellularis and the host response associated with the lesions caused by infection.
Introduction
(low) lesions and one of these animals had mild gross lesions. All three animals at 21dpi with HE 147 and IHC scores above two had gross lesions and one of these animals had severe gross lesions 148 (Table 1) . At 28 dpi three animals (94, 197, 194) had low lesions with either a negative score or a 149 score of one for IHC and HE. The other three animals at this time point (1386, 1385, 189) had 150 high lesions as measured by IHC and HE scores above 2 and moderate or mild gross lesions 151 ( Table 1 ). All non-infected animals did not have microscopic lesions observed by HE or IHC. 152 One animal in the non-infected group at 28 dpi had a gross lesion score of 1 with mild thickening 153 in Peyer's patches and hyperemic folds (data not shown).
154
Shedding and serologic responses 155 The results of fecal PCR and IMPA serologic assay are shown in Table 1 . Animals shed 156 more L. intracellularis at 21 dpi, when Ct values were the lowest among all three time points (Ct which peaked at 21dpi in high lesion animals compared to low lesion and non-infected animals.
height was also affected by infection. At 14 dpi, villi height was lower in infected animals 172 (p<0.05, Figure 1b ). At 21dpi animals in the high lesion group had the shortest villi height, 173 which was significantly shorter than the non-infected group (p<0.05, Figure 1b ). While crypt 174 depth was similar at 28dpi, villi height was not, and high lesion animals had significantly lower 175 villi height compared to other infected and non-infected animals (p<0.05, Figure 1b ). 177 To determine if tissue lesions corresponded to differences in the profile of genes 178 expressed in the ileal samples, RNAseq was employed to compare mRNA profiles between 179 challenged and non-challenged pigs and between pigs with high and low lesions due to L. 180 intracellularis infection. When we compared samples from challenged and non-challenged pigs, 181 no altered gene expression profiles were observed at 14 days post challenge. However, at 21 dpi, 182 there were 22 DEGs while at 28 dpi only a single DEG was identified.
176

Differentially expressed genes between infected and non-infected animals
183
Among the 22 DEGs at 21 dpi, were two genes involved in nucleotide metabolism: 184 xanthine dehydrogenase (XDH) and cytidine deaminase (CDA) ( Table 2 ). The gene encoding 185 gamma-aminobutyric acid receptor subunit pi (GABRP) was also among the most highly 186 expressed genes. Two matrix metalloproteinase (MMPs) genes were up regulated and these were 187 MMP7 and MMP13. 188 Several of the other DEG are known to have roles in inflammatory responses: serum 189 amyloid 1 (SAA1) whose inducible expression is a hallmark of the acute-phase response (17);
190
Oncostatin M (OSM) is a cytokine involved in diseases with chronic inflammation (18); secreted 191 frizzled-related protein 5 (SFRP5) is an anti-inflammatory adipokine (19); and transglulatminase-2 (TGM2) which is a functionally complex protein that is induced by 193 inflammatory mediators (20).
194
Genes described as being expressed by antigen presenting cells, including macrophages 195 and dendritic cells, were also differentially expressed. These included SERPINB2, IDO1, and 196 ADAMDEC1, and AMCF-II (encoding alveolar macrophage-derived chemotactic factor-II).
197
Other genes up-regulated at 21 days post infection included the tumor-associated calcium signal 198 transducer gene (TACSTD2) as well as the genes that code for dual oxidase maturation factor 1 199 and 2 (DUOXA2, DUOXA1).
200
The single gene differentially expressed at 28 dpi was unc-5 netrin receptor B (UNC5B).
201
It was expressed 3.77 fold higher in infected animals (p < 0.05).
202
Differentially expressed genes between animals with high and low lesions 203
Because pigs within the challenged group at 21 dpi were classified by severity of 204 infection (low versus high lesions), we wanted to know if host gene expression was different 205 between these two groups. Therefore, animals with high level of lesions were compared to those 206 with low or minimal lesions. With this comparison, there were many more DEGs (n = 494) 207 observed than when comparing all infected animals together to non-infected animals (n=22). At 208 28 dpi the comparison between high and low lesion animals is different than that of 21dpi 209 because two of the three low lesion animals had either a negative HE or IHC score and did not animals with high lesions to those with low lesions at 21 dpi are shown in Table 3 . Similar to the 219 DEG identified comparing challenged to non-challenged animals at 21dpi, MMP7, GABRP and 220 SERPINB2 were also among the most differentially expressed genes. Other upregulated genes 221 included: adhesion G protein-coupled receptor A2 (ADGRA2), bradykinin receptor B1 222 (BDKRB1), TNF Alpha Induced Protein 6 (TNFAIP6) and integrin subunit alpha 8 (ITGA8).
223
Among the most downregulated genes in high compared to low lesion animals at 21 dpi were 224 two genes that encode the apolipoproteins C-III (APOC3) and A-IV(APOA4) as well as the gene 225 that encodes fibroblast growth factor 19 protein (FGF19). These code for proteins which are 226 expressed in the small intestine and play important roles in lipid metabolism among other 227 functions (21-23).
228
Among the 23 genes differentially expressed between high and low lesion animals at 28 229 dpi (Table 4 ), four were in common between infected and non-infected animals as well as 230 between high and low lesion animals at 21 dpi ( Figure 2 ). These genes were XDH, MMP7, 231 TGM2 and a porcine gene with no known human or mouse homologue 232 (ENSSSCT00000014604.2). IDO1, which encodes indoleamine 2 3-dioxygenase, was up 233 regulated in infected animals at 21 dpi as well as in high lesion animals at 28dpi. The gene MGP, 234 as well as the genes TMEPAI and HTRA3, which have been found to play roles in apoptosis and 235 influencing cell proliferation, were up regulated in high lesion animals of both 21 and 28 dpi (24, Table 5 ). IPA analysis attributes an activation z-score that assesses the randomness of 248 directionality within a gene set to infer the activation state of a metric (i.e. biological function, 249 upstream regulator or pathway) as either activated or inhibited. A negative z-score indicates 250 inhibition and a positive z-score indicates activation with scores equal to or greater than 2 or 251 equal to or less than -2 being statistically significant (p<0.05) (28). Of the 16 biological functions 252 associated with proliferation, six had significant z-scores above 2 including "cell proliferation of 253 tumor cell lines" (Table 5 ).
254
Pathway Analysis: canonical pathways associated with increased infection 255 Next, we used IPA to identify canonical pathways associated with the DEGs between 256 high and low lesion animals at 21 dpi. Of these pathways, we searched for pathways with a 257 significant activation status. This analysis revealed 10 canonical pathways significantly activated 258 associated with the data set (z-score of ≥ 2, Table 6 ).
Potential regulator molecules responsible for the differential gene expression of the 261 different pathways observed at 21dpi were identified using IPA. Upstream regulators are 262 molecules that are known to influence the observed DEG and are potentially responsible for 263 modulating their differential expression (28). Cyclin dependent kinase inhibitor 1A (CDKN1A, p 264 = 2.06E-36), tumor protein p53 (TP53, p = 9.48E-29) and Erb-b2 receptor tyrosine kinase 2 265 (ERBB2, p = 2.57E-26) were among the upstream regulators most significantly associated with 266 the dataset. Other significant upstream regulators included the cytokines transforming growth 267 factor beta 1 (TGFB1, p = 3.51E-28) tumor necrosis factor (TNF, p = 2.23E-23), IL-1β and IL-6 268 (Table 7) .
269
Matrix metalloproteinase-7 immunohistochemistry 270 To determine if changes observed at the level of transcription of MMP7 were translated 271 into protein in infected tissue, we chose to perform immunohistochemistry staining for matrix In this study we reproduced PPE with the induction of characteristic microscopic and 280 macroscopic lesions. We also assessed clinical signs and as is most cases of PIA in the field, 281 animals had subclinical disease (data not shown). Infection was also confirmed by quantifying L. 282 intracellularis shed in feces and the presence of antibodies in serum. We observed a time effect of disease that has previously been described in which hyperplasic lesions begin at around 11 284 dpi, peak at around 21 dpi and begin to resolve at 28 dpi (29). Changes to crypt depth, fecal 285 shedding and villus height were observed and were more severe at 21dpi in infected animals.
286
This is in accordance with previous studies and suggests that peak of infection occurred at this 287 time point. At 28 dpi two out of the six animals had either negative IHC or HE scores and did not 288 shed L. intracellularis, indicating a likely resolution of infection, as is known to occur in this 289 disease (1). At 28 dpi, animals also showed high antibody titers against L. intracellularis 290 indicative of a strong prior immune response to infection.
291
In this study, at 14 dpi the lack of differentially expressed genes coincided with low although "cancer" was the major disease category found with pathway analysis in both studies 302 (data not shown, p = 5.86E-23-1.9E-05). Differences in gene expression between both studies 303 may be due to differences in lesion severity caused by infection and/or due to differences 304 between microarray and RNAseq methods of gene expression analysis. noted using histomorphometry (Figure 1a ). The genes MMP7, OSM, SERPINB2, GABRP, 329 TACSTD2 and TGM2 differentially expressed between infected and non-infected animals at 21 330 dpi were also among these 98. This demonstrates that the molecular signature induced by L. 331 intracellularis is strongly associated with cellular proliferation, several molecules of which have (Table 7) .
342
There is a large body of evidence to suggest that tumor-associated calcium signal 343 transducer 2 (TACSTD2, also named Trop2) promotes cellular proliferation and this gene is 344 highly expressed in a wide variety of epithelial tumors (43, 44). Interestingly, it has also been 345 found that knocking down of this gene in mice can promote carcinogenesis in a squamous cell 346 cancer model, which also suggests a protective role of this protein (45). Similarly, 347 transglulatminase-2 (TGM2) can also promote cell proliferation although this protein has many 348 other functions (46). TGM2 expression is induced by inflammatory mediators such as IL-1β, 349 TNFα and TGF-β and it has been described to be involved in inflammatory conditions of the 350 intestine (20, 47). TNF, IL-1β and TGF-β were found to be upstream regulators ( 
